The timing characteristics of scintillators must be understood in order to determine which applications they are appropriate for. Polyethylene naphthalate (PEN) and polyethylene teraphthalate (PET) are common plastics with uncommon scintillation properties. Here, we report the timing characteristics of PEN and PET, determined by exciting them with 120 GeV protons. The test beam was provided by Fermi National Accelerator Laboratory, and the scintillators were tested at the Fermilab Test Beam Facility. PEN and PET are found to have dominant decay constants of 34.91 ns and 6.78 ns, respectively.
Introduction
After observing that common plastics polyethylene naphthalate (PEN) and polyethylene teraphthalate (PET) have very good scintillation properties [1, 2] , and reasonable tolerance to gamma radiation exposure [3] , interest in using PEN and PET in scintillation applications has grown. Of note is their potential application in collider physics experiments, where huge amounts of active media are required in very large detectors. These plastics' low cost and ease of manufacture are attractive properties. However, for these applications, scintillators need to be relatively fast and bright.
In order to study their properties for future applications, similar samples of PEN and PET were prepared for testing at Fermilab Test Beam Facility (FTBF) by exciting them with 120 GeV protons. The proton beam at FTBF produces 5 × 10 5 protons per spill with a spot size of 6 mm. The experiment was designed to measure the decay constants of PEN and PET. The decay constant is the time it takes for the scintillator to diminish to 1/e of its maximum signal amplitude. As a particle traverses a scintillator, the particle excites the molecules within the material, which then radiate photons during de-excitation.
Timing is important for experiments like those at CERN, where the LHC [4] has a design collision frequency of 40 MHz, or one collision every 25 ns. Considering the potential for unmanageable pileup, or the excessive number of proton-proton collisions per beam bunch crossing, a scintillator must dispatch its entire signal ideally within, in the case of LHC experiments, 25 ns.
In addition, PEN was recently identified as a relatively efficient wavelength-shifter for vacuum ultraviolet (VUV) photons and found an immediate implementation at the CERN ProtoDUNE-DP [5] experiment. 30 out of 36 photomultiplier tubes (PMTs) of ProtoDUNE-DP have PEN sheets installed on top of their windows, and the PMTs have been operating in liquid argon successfully since Summer 2019 [6] . Studying the scintillation properties of such common plastics under various test conditions will have critical importance for a wide range of implementations in the future.
Experimental Setup
Three samples each of PEN and PET were prepared for testing. The PEN sample was cut to a square 100 mm x 100 mm x 1 mm from an 8.5" x 11" sheet of Teijin Plastics Scinterex using an end mill. The edges were polished with a polishing wheel. The PET sample was delivered in 100 mm x 100 mm x 1 mm squares from Goodfellow.com, and the edges were polished with a polishing wheel.
Each tile had a 'keyhole' groove machined into its surface around the perimeter to hold an optical fiber. A 'Y11' Kuraray wavelength shifting (WLS) fiber was inserted into the groove, Fig 1. An injection molded connector was glued to the end of the fiber, and the fiber edge was polished. Each tile was placed into a 3D printed housing, Fig 2, and the WLS fiber was coupled to a clear fiber. The clear fiber was connected to a clear acrylic 'cookie' for coupling to an R7600 PMT for readout. The signals recorded from the R7600 PMT were fed into a Tektronix TDS 5034 digital oscilloscope, and events were recorded in a Tektronix proprietary '.wfm' format , using the 'Fast Frame' mode of the oscilloscope. This allowed the recording of twenty-five thousand events to be saved in a single file, which we could later analyze. The events were triggered in the central 1 cm x 1 cm area of the tiles by the coincidence of two external scintillator paddle signals.
Experimental Results
The twenty-five thousand events were extracted from the .wfm format and ntupled using the ROOT framework [7] , collating all events into a single ROOT file. The pedestal was subtracted from each event, and the amplitudes of the event waveforms were averaged using ROOT's TProfile function in order to create an average waveform profile. The TProfile function averages the contents of each bin over the twenty-five thousand events, thereby providing a very nice picture of the scintillator's photoluminescence and decay profile.
Generally, scintillators have a fast and slow component to their time-dependent luminescence profile, corresponding respectively to its recombination centers and electron traps.
The waveform profile of a scintillator can therefore be modeled as a combination of slow and fast components [8] :
The waveform profile of PET was fit with equation 3.1, though the fast component of PET was an order of magnitude greater in intensity than the slow component.
PEN was found to be well described by a single exponential function of the form:
implying dominance of a single photoluminescence mechanism in PEN. 
Conclusions
Waveform profiles of scintillating plastic sheets polyethylene naphthalate (PEN) and polyethylene teraphthalate (PET) were recorded by placing the scintillators in and perpendicular to an accelerated beam of 120 GeV protons. The waveform profiles were measured using a PMT read out with an oscilloscope. The exponential fits to the average waveforms indicate that PEN and PET have dominant decay constants of 34.91 ns and 6.78 ns, respectively.
